I N T R O D U C T I O N
Fungal metabolites include a variety of indole alkaloids, among which are the most potent nonpeptidergic blockers of Ca 2+ -and voltage-activated Slo1 (KCNMA1) large-conductance Ca 2+ -activated K + (BK)-type K + channels yet identified. Such compounds, including paxilline, penitrem A (Cole and Cox, 1981; Knaus et al., 1994) , and lolitrem B (Imlach et al., 2009) block Slo1 channels at nM concentrations. Although scorpion toxins such as iberiotoxin and charybdotoxin (CTX) can also inhibit Slo1 channels at nM concentrations (Giangiacomo et al., 1992 (Giangiacomo et al., , 1993 , Slo1 channels containing particular auxiliary  subunits exhibit resistance to block by such toxins (Xia et al., 1999; Meera et al., 2000; Xia et al., 2000) . This renders the scorpion toxins less useful as tools for evaluating the role of Slo1 channels in native tissues. As a consequence, paxilline is increasingly used as a relatively potent and apparently relatively specific Slo1 channel blocker (Shao et al., 1999; Raffaelli et al., 2004; Tammaro et al., 2004; Essin et al., 2009 ). The mechanism and site of action of paxilline and other related compounds remain poorly understood. Block by paxilline has been proposed to involve an allosteric effect on Slo1 channel function (Sanchez and McManus, 1996) . Various fungal indole alkaloids are also able to allosterically regulate binding of CTX to Slo1 channels (Knaus et al., 1994) . Interestingly, some compounds increase CTX binding and others inhibit it, although all share the ability to block BK channels. The allosteric effect of paxilline on CTX binding argues that paxilline does not bind to the CTX binding site, which is known to involve the extracellular turret of the Slo1 channel (Giangiacomo et al., 2008) , but indirectly alters the CTX binding affinity.
Here, we have explored the structural elements of Slo1 channels that may be required for inhibition by paxilline. We find that the pH-regulated Slo3 K + channel, a homologue of Slo1, is resistant to blockade by paxilline, and through a set of Slo1/Slo3 chimeras identify Slo1 S6 as necessary for paxilline block. Mutational analysis reveals that a critical glycine residue (G311) in Slo1 is essential to maintain high affinity block by paxilline and can restore paxilline sensitivity in constructs containing a Slo3 S6 segment. We hypothesize that the presence or absence of G311 defines two distinct conformations of the S6 helix, either allowing or negating block by paxilline. The tremorogenic fungal metabolite, paxilline, is widely used as a potent and relatively specific blocker of Ca 2+ -and voltage-activated Slo1 (or BK) K + channels. The pH-regulated Slo3 K + channel, a Slo1 homologue, is resistant to blockade by paxilline. Taking advantage of the marked differences in paxilline sensitivity and the homology between subunits, we have examined the paxilline sensitivity of a set of chimeric Slo1/Slo3 subunits. Paxilline sensitivity is associated with elements of the S5-P loop-S6 module of the Slo1 channel. Replacement of the Slo1 S5 segment or the second half of the P loop results in modest changes in paxilline sensitivity. Replacing the Slo1 S6 segment with the Slo3 sequence abolishes paxilline sensitivity. An increase in paxilline affinity and changes in block kinetics also result from replacing the first part of the Slo1 P loop, the so-called turret, with Slo3 sequence. The Slo1 and Slo3 S6 segments differ at 10 residues. Slo1-G311S was found to markedly reduce paxilline block. In constructs with a Slo3 S6 segment, S300G restored paxilline block, but most effectively when paired with a Slo1 P loop. Other S6 residues differing between Slo1 and Slo3 had little influence on paxilline block. The involvement of Slo1 G311 in paxilline sensitivity suggests that paxilline may occupy a position within the central cavity or access its blocking position through the central cavity. To explain the differences in paxilline sensitivity between Slo1 and Slo3, we propose that the G311/S300 position in Slo1 and Slo3 underlies a structural difference between subunits in the bend of S6, which influences the occupancy by paxilline. Many of the chimeras used in this study exhibit interesting gating behaviors, including shifts in activation gating, gating kinetics, and persistent current activation at negative voltages. Future study of such chimeras may prove useful in regards to investigation of allosteric regulation of this family of channels. However, here we are simply concerned with whether aspects of block by paxilline are retained or abolished.
Estimates of block affinity
The specific molecular mechanism of block by paxilline is not known. Here, to provide an estimate of relative paxilline sensitivity of different constructs, we assume that paxilline blocks both open and closed states, and that block of G-V curves is defined by block occurring at the holding potential. This assumption is based on the fact that both the rates of paxilline block onset and recovery are slow relative to the duration of the voltage steps used to define block. Furthermore, there is no indication of any time-dependent block or unblock during the voltage steps used to define BK conductance. Thus, block observed at any test potential is likely to be that observed during the holding potential conditions. To describe activation, we used the allosteric model of BK channel activation (Horrigan and Aldrich, 2002) in which open probability (Po) is defined by three independent conformational equilibria: L (voltage dependence z L ), J (voltage dependence z J ), and K, reflecting the channel closed-open equilibrium, the voltage sensor equilibrium, and the Ca 2+ binding constant, respectively. D, C, and E correspond to constants for coupling between voltage sensor movement to channel activation (D), between Ca 2+ binding and channel activation (C), and between Ca 2+ binding and voltage sensor activation (E). Defining
channel Po as a function of voltage, Ca 2+ and paxilline concentration for a model that involves block of both open and closed states is given in Eq. 1:
where K bc and K bo are blocking affinities of paxilline for closed and open channels, respectively.
Given that there appears to be no equilibration of the blocking equilibrium during test steps, the applicability of Eq. 1 also requires that, at the holding potential, K bc = K bo , because otherwise Eq. 1 would predict some reequilibration in the steady-state G-V curves. In such a case, we define K b = K bc = K bo .
Is it appropriate to use Eq. 1 for the set of constructs examined here, when the allosteric constants for each construct have not
M A T E R I A L S A N D M E T H O D S

General methods
Oocyte preparation, handling of RNA, and electrophysiological methods used here were identical to those described in other recent papers from this laboratory (Tang et al., 2009 (Tang et al., , 2010 . All experiments used excised inside-out patches in which solution exchange at the pipette tip was accomplished with an SF-77B fast perfusion stepper system (Warner Instruments). Pipettes were typically 1-2 MΩ and were coated with Sylgard (Sylgard 184; Corning) before heat polishing. Gigaohm seals were formed while the oocytes were bathed in frog Ringer (in mM: 115 NaCl, 2.5 KCl, 1.8 CaCl 2 , and 10 HEPES, pH 7.4). After patch excision, the pipette tip was moved into flowing test solutions. The pipette solution (bathing the extracellular membrane face) contained (in mM): 140 K-methanesulfonate, 20 KOH, 10 HEPES, and 2 MgCl 2 , pH 7.0. The composition of the solution used to bathe the cytoplasmic face of the patch membrane was (in mM): 140 K-methanesulfonate, 20 KOH, and 10 HEPES, with pH adjusted to 7.0. , the solution was titrated with a Ca methanesulfonate solution to obtain the desired Ca 2+ concentration (Zhang et al., 2001) , as defined with a Ca
2+
-sensitive electrode calibrated with commercial Ca 2+ solutions (WPI). Measurements and fitting of current recordings was accomplished either with Clampfit (MDS Analytical Technologies) or with programs written in this laboratory. Experiments were performed at room temperature (22-25°C).
Steady-state current measurements were used to calculate conductances with the assumption of a 0-mV reversal potential. Conductances at each voltage and drug concentration for any given patch were normalized to the maximum conductance (G/G max ) measured under any condition for that patch. Conductance-voltage (G-V) curves were then generated from the mean estimates for the set of patches. When the time course of blocker onset was examined, depolarizing test pulses of 3-20 ms were applied at frequencies of 0.2/s to 1/s among different patches. For constructs in which stronger depolarizations were required for more robust current activation, slower frequencies were used to minimize the possibility of patch destruction. The brief duration of the test steps (3-20 ms) produced no time-dependent changes in block (or unblock), so variation in stimulus frequencies will not impact on the extent of block observed in these experiments. For example, variations in stimulus frequency between 1 and 0.2 Hz did not alter the time course or extent of block by paxilline of Slo1.
Constructs
The coding region of mSlo1 (GenBank accession no. NM_010610; provided by L. Salkoff, Washington University School of Medicine, St. Louis, MO) was subcloned into the pXMX oocyte expression vector (Tang et al., 2009) . The mSlo3 construct (Schreiber et al., 1998) was also obtained from L. Salkoff with updated information regarding Slo3 given in GenBank accession number AF039213 (Zhang et al., 2006a) . The DN5 chimeric construct (also termed 1P3C), in which the Slo1 cytosolic domain is replaced with the Slo3 cytosolic domain, has been described previously (Xia et al., 2004) . Slo1/Slo3 chimeric constructs were generated by standard overlapping PCR methods used in the laboratory and were composed of the following: MC13: Slo1 The sequences of the segments evaluated in the S5-P loop-S6 segment are:
were then defined through the best fit to the full set of G-V curves in the presence of paxilline. The fitting of functions to various datasets was done with a Levenberg-Marquardt nonlinear leastsquares fitting algorithm implemented within software developed within this laboratory.
From the application of Eq. 1, we obtain an estimate for block affinity along with the 90% confidence limits returned by the fitting algorithm. For two constructs for which there is no overlap in the 90% confidence limit, there is a <10% likelihood that the observed difference would occur by chance. For the constructs examined here, pairwise comparisons suggest statistically significant differences among most pairs we have examined, even when the estimated blocking affinities differ by less than twofold. Because of concern about the reliability of blocker affinity estimates, in addition to the estimates in Fig. 1 (K b = 10.6 ± 0.5 nM), we have also examined paxilline block of Slo1 for three other sets of patches: one set used to test whether paxilline produces gating shifts, another in which the experiments were all done in the presence of DTT, and another in which we tested the Ca 2+ dependence of paxilline block. For these three cases, the paxilline estimates for apparent block affinity were 22.0 ± 0.4 nM (100 nM paxilline alone; n = 4 patches), 13.6 ± 0.7 (50 nM paxilline alone; n = 7), and 5.6 ± 0.2 (10 and 100 nM paxilline; n = 5). In other cases, we have noted apparently weaker block by paxilline. Thus, estimates of blocking affinity among different datasets may vary appreciably, even though the confidence limits associated with any individual estimate are small. Such differences are likely influenced by the challenges of working with a sticky blocking drug. For example, for experiments done over different periods of time, there may be differences in nominal drug concentration resulting from slight differences in drug preparation and delivery (see below). The binding of paxilline to various surfaces during preparation and delivery or differences in the average time between drug preparation and delivery to the set of patches might impact on the final effective concentrations. Because of the demonstrated variation in affinity estimates among sets of Slo1 patches, the focus of the present experiments is therefore primarily on large differences in paxilline affinity.
Molecular modeling
The structure of the BK channel S5-pore loop-S6 domain ( Fig. 2 A) was generated based on homology modeling using Modeller 9v4 (Sali and Blundell, 1993) . The Kv 1.2 structure (Long et al., 2005) was used as a template because there are no residue gaps between the BK channels and Kv 1.2. The cartoon in Fig. 2 A was generated using UCSF Chimera (Pettersen et al., 2004) . The paxilline space-filling model was generated and optimized using Chem3D Pro (version 3.5.1; CambridgeSoft).
Chemicals
Salts for solution preparation were obtained from Sigma-Aldrich. Paxilline was obtained from Sigma-Aldrich. A 10-mM paxilline stock solution was prepared in 100% DMSO, and a 0.5-mM stock solution of paxilline was in 50% DMSO and stored at 20°C. Paxilline solutions used for experiments were prepared the day of an experiment and only used up to 4 h. To minimize loss of paxilline by binding to plastic surfaces, preparation of solutions was done entirely with glass beakers and pipettes. Paxilline solutions were delivered to patches via a multi-barrel pipette, with a glass perfusion line with Teflon junctions connecting the glass syringe reservoir to the delivery pipette. Even with glass components, there appeared to be some loss of paxilline in the reservoir over several hours, presumably due to binding to surfaces. DMSO was present in the final solutions at 0.05% for 500 nM paxilline, the highest concentrations tested. The paxilline concentrations found to be effective in our hands are several-fold higher than those reported in the initial studies on paxilline action (Knaus et al., been defined? Because we only examine paxilline block for a single activation condition, the specific terms for activation are not critical in defining blocking constants, as long as the assumption regarding saturating Po is reasonably valid. Here, for all constructs in which the pore domain largely arises from Slo1, we have constrained the fits such that the limiting Po at maximal activation is close to 1.0. In contrast, for MC13-S310G, we have assumed a Po at +300 mV of 0.35, appropriate for MC13 and Slo3 (Zhang et al., 2006b; Tang et al., 2010) . In this case, the G-V curve was renormalized to a maximum value of 0.35 at +300 mV before application of Eq. 1.
Because we are not concerned about the detailed mechanism of paxilline here, we simply use Eq. 1 as an empirical description of paxilline effectiveness. It should be noted that if, at the holding potential, most channels (for all constructs examined here) are in closed states and there is little block or unblock during test steps, the value of K bo would not be well-defined by the G-V curves. As such, the estimates obtained from Eq. 1 most likely reflect primarily estimates of closed-channel block under the holding conditions. For all experiments shown in this paper, patches were held at 0 mV at the indicated ligand concentrations, with a brief 10-ms step to 140 mV before steps to more depolarized test potentials.
One other aspect of paxilline block should be mentioned. It has been previously reported that paxilline block is associated with a rightward shift in G-V curves, particularly at low paxilline concentrations (Sanchez and McManus, 1996) . Such a behavior is inconsistent with Eq. 1 and is also seen in Fig. 1 C as paxilline is increased from 0 to 5 nM (but not with additional paxilline increases). However, in tests using a single 100-nM paxilline concentration with full recovery after washout of paxilline, we have not seen this phenomenon. We therefore suspect it may arise from shifts in G-V curves unrelated to paxilline that can arise in some patches during long duration recordings. However, to assess how such a shift might impact on our estimates of block affinity, we also fit the G-V curves in two other ways. First, with the assumption that the G-V shift is part of the action of paxilline and reflects a stronger affinity of paxilline for closed channels (but no intrinsic voltage dependence of binding to either state), fitting with Eq. 1 yielded a closed-channel block affinity that was 3.1 ± 0.3 nM, whereas the open-channel block affinity was 13.8 ± 0.53 nM. In this case, Eq. 1 would only strictly be applicable if the currents reflect a steady-state condition (which we have already argued is most certainly not the case). In fact, to account for the weaker block with depolarization seen in the G-V curves, one would expect to see a time-dependent unblock; this is not seen in the current traces, therefore arguing against a gating shift as being part of paxilline action. Second, assuming that the G-V curve shift reflects a 16-mV shift during the initial 15-30 min of recording, a fit of a state-independent model to the G-V curves obtained solely in the presence of paxilline yielded a block affinity of 12.0 ± 0.7 nM. These considerations indicate that, regardless of the assumptions regarding blocking model, the blocking affinity of paxilline on Slo1 is 10-15 nM when patches are held at 0 mV with 10 µM of cytosolic Ca 2+ . Thus, for comparative purposes, regardless of how one treats those datasets that may exhibit shift, Eq. 1 with the assumption that K bo = K bc provides a useful measure of apparent block affinity.
The details of the fitting procedure are as follows. First, in fits of control G-V curves in the absence of blocker, z L , z J , and E were constrained to 0.3 e, 0.58 e, and 2.4, respectively, whereas C was generally constrained to 8 and D to 11 (Horrigan and Aldrich, 2002) . The best-fit values for L and J were then determined; however, based on confidence limits, these values are not strongly constrained by the data when only a single Ca 2+ concentration is used. To fit the G-V curves in the presence of blocker, terms for channel activation were then constrained to the best-fit values to the activation G-V alone, whereas parameters for blocking models quential application of increasing concentrations of paxilline, with the duration of application of each concentration being sufficient to reach an apparent steadystate level of block (Fig. 1 B) . After the application of 100 nM paxilline, patches were washed in control saline to ensure that currents recovered to near control levels, although full recovery was difficult to achieve. The inhibitory effects of paxilline were determined by measurement of steady-state current levels at different activation voltages (Fig. 1 C) . Qualitatively, in some sets of patches we have observed that paxilline produces a greater fractional block at more negative activation voltages (Fig. 1 C) , consistent with a positive shift in the G-V curves in the presence of paxilline, as reported by Sanchez and McManus (1996) . Similar to their results, we also observed that any apparent G-V shift saturated at paxilline concentrations well below those producing maximal block of outward current. This discrepancy between the gating shifts and the fractional block of BK current suggests that they may arise from unrelated mechanisms. Because Slo1 G-V curves generated from 1994; Sanchez and McManus, 1996) . However, the concentrations we have found effective are similar to results in other recent work (Imlach et al., 2008) . Aflatrem was from a 3-mg sample provided by D. Covey (Washington University School of Medicine, St. Louis, MO) in 1996, and the nominal concentrations reported here assume no degradation during that period. Aflatrem was made up as a 500-µM stock in 50% DMSO and used at nominally 10 nM (0.001% DMSO). Penitrem A and verruculogen were obtained from Alomone Laboratories, prepared as 1-mM stocks in 50% DMSO and used at 10 nM with 0.0005% DMSO.
R E S U L T S
Properties of block of macroscopic Slo1 currents by paxilline
The blockade of Slo1 channels by paxilline was studied in inside-out patches by examination of fractional block with different concentrations of paxilline at different activation voltages. The blocking effect of different paxilline concentrations at +120 mV on Slo1 currents activated with 10 µM Ca 2+ is shown in Fig. 1 A. The concentration dependence of paxilline block was determined by se- Figure 1 . Paxilline blocks Slo1, but not Slo3 current. (A) Traces show block of Slo1 by paxilline, and the general topology of the Slo1  subunit is shown on the top. Currents were activated by a step to +120 mV in an inside-out patch exposed to 10 µM Ca 2+ with the indicated concentrations of paxilline. The holding potential was 0 mV, but the command steps were preceded by a brief 10-ms step to 140 mV. (B) The time course of paxilline block and unblock of Slo1 current is illustrated. Steps were to +100 mV. (C) G-V curves were generated from steady-state current levels for recordings in the absence and presence of paxilline (n = 4-7 patches). For this set of data, paxilline was applied at increasing concentrations, and full washout was not usually achieved (see B). Red lines correspond to a fit of Eq. 1, with K b = 10.6 ± 0.49 nM with z c = z o = 0 e. (D) 500 nM paxilline is without effect on MC13 currents activated at +200 mV with pH 8.5. The composition of the MC13 construct is schematized at the top with Slo3 sequence shown in red. (E) MC13 currents are unaltered by 500 nM paxilline during 6 min of application. (F) 500 nM paxilline has little effect on MC13 G-V curves.
construct (MC2) were entirely resistant to block by 500 nM paxilline (Fig. 3, A and B) . When the Slo1 S5 segment was replaced with the Slo3 sequence (MC28), blockade by 50 nM paxilline was retained (Fig. 3,  C and D) . A fit of Eq. 1 with the assumption of state independence and no voltage dependence yielded a blocking constant of 30.4 ± 1.7 nM. In contrast, when the Slo1 S6 segment was replaced by the Slo3 sequence (MC10), 100 nM paxilline had no effect (Fig. 3, E and F) . This set of chimeras establishes that some feature of Slo1 S6, either specific residues or structure, is essential for blockade by paxilline.
The Slo1 pore helix also influences effectiveness of block by paxilline Chimeras were also examined in which parts of the Slo1 pore loop were replaced with the Slo3 sequence.
currents recorded in inside-out patches may show some positive shifts during the first 10 or 20 min of recording, we were concerned about the origins of the apparent G-V shift during the long times required to collect data in paxilline. In a separate set of four patches, we limited paxilline application to a single concentration of 100 nM. In this case, we observed an 8-mV average positive shift in the presence of paxilline, but this shift did not reverse with paxilline washout. We are therefore unable to conclude that paxilline is responsible for small positive shifts in the Slo1 G-V curves.
To provide an estimate of the blocking effectiveness of paxilline on Slo1 current, we fit the family of G-V curves to Eq. 1, assuming identical block of both open and closed channels, as described in Materials and methods. This provides an apparent block affinity estimate that can be used for comparison to other constructs. From Eq. 1, this yielded an estimate of paxilline block affinity of 10.6 ± 0.5 nM.
The pH-regulated Slo3 channel is resistant to blockade by paxilline
The pH-regulated Slo3 channel does not express robustly in Xenopus oocytes (Zhang et al., 2006a) . To allow investigation of many aspects of Slo3 function without challenges of poor expression, we have created a Slo1/ Slo3 chimeric construct, termed MC13, which retains the characteristic functional properties of Slo3, including pH and voltage dependence, single-channel properties, and gating behavior (Tang et al., 2010) . This construct replaces S0, S1, S2, and part of S3 of Slo3 with homologous sequence from Slo1 (see Materials and methods). Replacement of S0 alone was insufficient to enhance Slo3 expression. MC13 currents were activated in inside-out patches with pH 8.5 and positive voltage steps (Fig. 1 D) . MC13 currents were essentially insensitive to 500 nM paxilline (Fig. 1, E and F) . In other experiments, 100 nM paxilline was without effect when applied for over 30 min. The lack of effect of 500 nM paxilline on MC13 indicates that Slo1 is at least three orders of magnitude more sensitive to paxilline.
Paxilline sensitivity is determined by elements within the S5-pore loop-S6 segments of Slo1
To assess potential determinants of paxilline block, we focused our attention on the portion of the Slo1 and Slo3 channels that contain the S5-pore loop-S6 segments (Fig. 2 A) . Chimeric constructs were created involving four segments within this region, S5, the first part of the pore loop, the second half of the pore loop, and then S6 (Table I and Fig. 2 A) . Fig. 2 A also illustrates the relative size of a paxilline molecule compared with the Slo1 S5-S6 domain, whereas the chemical composition of paxilline is provided in Fig. 2 B. When the entire S5-pore loop-S6 in Slo1 was replaced with the Slo3 sequence, currents from the resulting Figure 2 . S5-pore loop-S6 segments of the BK channel and the relative size of the paxilline molecule. (A) A homology model of the BK channel S5-pore loop-S6 structure was generated based on alignment with Kv1.2 and the available Kv1.2 crystal structure. Coloring identifies segments used for generation of chimeras as follows: red, S5; yellow, first half of pore loop; blue, second half of pore loop, including so-called turret; gray, S6. Orange residues are those that influence iberiotoxin binding (Giangiacomo et al., 2008) . G311 in S6 is highlighted in magenta. A space-filling model of paxilline (to the same scale) is positioned adjacent to an S5 helix, but this positioning is not meant to imply anything about the position of paxilline in a blocking site. Note that the actual topology of the BK turret is entirely unknown. Furthermore, this cartoon does not take into account the likely large width of the BK central cavity. (B) The chemical structure of paxilline is shown.
for a slow-acting, sticky blocker like paxilline, we sought independent tests to see if altering the pore loop segment impacts on paxilline affinity. For MC8, the apparently stronger paxilline block affinity is correlated with pronounced effects on blocking rates. The rate of onset of paxilline block for MC8 was clearly faster than for Slo1, even when MC8 was blocked with a fivefold lower concentration (Fig. 5, A and B) . The effective forward rate of block for MC8 was 10-fold faster than for block of Slo1 (P < 0.0005; t test assuming equal variance) (Fig. 5 C) . In contrast, recovery from paxilline block of MC8 was not statistically different from that for Slo1 (Fig. 5 B ; P > 0.2). Assuming a simple first-order blocking reaction, with  on = 1/(k on + k off ) and  off = 1/k off , effective first-order blocking rates and blocking constants were calculated (Fig. 5 C) . The forward rates of block were 0.13 × 10 6 M 1 s 1 and 1.45 × 10 6 M 1 s 1 for Slo1 and MC8, respectively. Blocking constants estimated from the rates were 48.8 ± 5.9 nM and 6.8 ± 1.6 nM for Slo1 and MC8, respectively. In contrast, if the steadystate conductances for these same sets of patches were In construct MC6, in which the entire Slo1 pore loop was replaced with the Slo3 sequence, paxilline sensitivity only slightly reduced (two-to threefold) compared with wildtype Slo1 (Fig. 4 A) . The estimated blocking affinity of paxilline for MC6 assuming state-independent block was K b = 23.2 ± 1.0 nM. When only the second half of the Slo1 P loop (residues 280-299) was replaced with the Slo3 sequence (construct MC18), paxilline sensitivity was also reduced about threefold compared with Slo1 (for MC18, K b = 30.0 ± 1.4) (Fig. 4 B) . In contrast, when only the first half of the P loop was replaced with the Slo3 sequence (MC8), the paxilline block affinity was increased about twofold (K b = 4.04 ± 0.10 nM) relative to Slo1 (Fig. 4 C) . These results suggest that the composition of the pore helix may impact on the ability of paxilline to block BK channels, perhaps reflecting the ability of tremorogenic alkaloids including paxilline to influence CTX binding to smooth muscle BK channels (Knaus et al., 1994) .
Because estimates of blocking affinity among different constructs might be expected to vary on the order of up to two-to threefold (see Materials and methods) Figure 3 . Replacement of the Slo1 S6 segment with the Slo3 sequence abolishes sensitivity to paxilline. (A) Replacing the Slo1 S5-P loop-S6 segment with the homologous Slo3 sequence (chimera MC2) abolishes paxilline sensitivity. The MC2 construct is diagrammed at the top. Traces show MC2 currents activated with 10 µM Ca 2+ at +200 mV with and without 500 nM paxilline. (B) Paxilline has no effect on MC2 G-V curves (n = 4 patches). (C) Paxilline sensitivity persists after replacement of the Slo1 S5 segment with the homologous Slo3 sequence. The MC28 construct is diagrammed at the top. Traces show MC28 currents activated with 10 µM Ca 2+ at +180 mV with and without paxilline. (D) G-V curves for MC28 with and without 50 nM paxilline (n = 3 patches) are shown. Red lines correspond to a fit of Eq. 1, with K bc = K bo = 30.4 ± 1.7 nM with no voltage dependence. (E) Paxilline sensitivity is lost when the Slo1 S6 segment is replaced with the homologous Slo3 sequence. The MC10 construct is diagrammed at the top. Traces show MC10 currents activated with 0 Ca 2+ at +200 mV with and without paxilline. MC10 is strongly activated by Ca tral cavity and perhaps the entrance to the cavity (Fig. 6 A) . We created two sets of mutations. First, we mutated specific residues in Slo1 S6 to their corresponding Slo3 residue to see whether paxilline sensitivity might be abolished. Second, using the MC10 construct in which a Slo3 S6 replaced the Slo1 S6 segment, we mutated selected non-conserved Slo3 residues to their Slo1 counterpart.
Slo1-G311S was found to completely abolish the ability of 500 nM paxilline to block currents (Fig. 6 B) . Similarly, Slo1-G311A was also completely insensitive to paxilline (Fig. 6 C) . In contrast, Slo1-A313I (Fig. 6 D) and Slo1-M314L (Fig. 6 E) exhibited sensitivity to paxilline that was similar to native Slo1.
We next attempted to restore paxilline sensitivity to the MC10 construct. When residue S300 in MC10 was mutated to glycine (MC10-S300G), 50 nM paxilline produced strong block (Fig. 7 A) with an estimated K b = 13.1 ± 0.6 nM (Fig. 7 B) , similar to block of wild-type Slo1. When S300G was substituted into MC13, paxilline sensitivity was also restored (Fig. 7 C) , but it was less than fit with Eq. 1 based on the single concentration of paxilline tested in each case, the block affinities were 6.3 ± 0.3 nM for Slo1 and 4.1 ± 0.1 for MC8. We have noted a similar discrepancy between the rate-based and equilibrium estimates of paxilline block of Slo1 in another set of seven patches, whereas any discrepancy is small for MC8. Although we have no definitive explanation why the rate-based estimate of paxilline block affinity of Slo1 is much weaker than that estimated from the fit of the G-V curves, such a discrepancy might arise if the strict assumption of a first-order blocking reaction was invalid. For present purposes, the differences between paxilline block of Slo1 and MC8 simply serve to point out that the Slo1 pore loop segment impacts on the properties of paxilline block.
A critical residue in Slo1 S6 is necessary and sufficient to permit block by paxilline Slo1 and Slo3 differ in 10 residues along the portion of the S6 segment that is likely to contribute to the BK cen- that observed in wild-type Slo1, with K b = 170.2 ± 7.2 nM (Fig. 7 D) . In contrast, constructs MC10-M311I/V312I, MC10-N306S/I308V, and MC10-T297I were not blocked by 50 nM paxilline. These results again support the idea that the G311(Slo1)/S300(Slo3) position is the key determinant that defines paxilline sensitivity of a construct. Furthermore, the differential ability of the S300G substitution to restore paxilline sensitivity in MC10 and MC13 provides further support for the idea that the pore loop can influence the paxilline block affinity. Figure 5 . Replacing the first half of the Slo1 P loop with the Slo3 sequence increases paxilline block affinity and speeds up paxilline block and unblock rates. (A) The time course of onset and recovery of paxilline block for Slo1 (black) and MC8 (red) is shown for representative inside-out patches for each construct. For MC8, 20 nM paxillline was applied (horizontal bar), and 100 nM was used for Slo1. Peak current activated at +200 mV was measured every 2 (Slo1) or 3 (MC8) seconds and plotted against time. (B) Paxilline is without effect on Slo1-G311S. Currents were activated with 10 µM Ca 2+ at +200 mV, and 500 nM paxilline produces no effect. On the bottom, G-V curves for Slo1-G311S with and without 500 nM paxilline (n = 3 patches) are plotted. (C) Paxilline is without effects on Slo1-G311A. Currents were activated with 10 µM Ca 2+ at +200 mV, and 500 nM paxilline had only a minor effect. G-V curves plotted on the bottom also show lack of paxilline effect (n = 5 patches). (D) Paxilline sensitivity persists in Slo1-A313I. Currents activated with 100 µM Ca 2+ are blocked by 20 and 100 nM paxilline, as also shown in the G-V curves on the bottom (n = 5 patches). (E) Paxilline blocks Slo1-M314L. Currents activated with 100 µM Ca 2+ are blocked in a concentrationdependent fashion by paxilline, as summarized in the G-V curves on the bottom (n = 8 patches). Red line corresponds to fit with equivalent voltage-independent block of open and closed states with K b = 13.3 ± 0.80 nM.
by Slo3 sequence. Activation of DN5 currents is enhanced by increases in cytosolic pH, and this construct does not respond to changes in cytosolic Ca
2+
. We therefore examined the ability of paxilline to block DN5 currents during activation with pH 8.5 at various activation voltages (Fig. 8, C and D) . DN5 was strongly blocked by paxilline with an effective K b = 6.3 ± 0.3 nM. This suggests that the ability of paxilline to block the Slo1 pore domain is neither sensitive to cytosolic pH nor to the nature of the cytosolic domain that is connected to the pore domain. We also compared block by 20 nM paxilline of MC10-S300G with either a cytosolic pH of 7.0
Tests of other factors that might influence paxilline block Residue G311 is adjacent to a second glycine residue, G310, which is conserved with Slo3 and most other voltage-dependent K + channels. To test whether G310 might act similarly in paxilline block, we created a Slo1-G310C construct. Paxilline effectively blocked Slo1-G310C (Fig. 8,  A and B) , although with a somewhat weaker blocking constant of 34.6 ± 1.8 nM than for wild-type alone. This supports the idea that G311 plays a unique role in permitting paxilline block of Slo1.
We showed above that, although S300G restored paxilline sensitivity to MC13, MC13-S300G was much less sensitive to paxilline than MC10-S300G. Because MC13 was studied with a cytosolic pH of 8.5, whereas MC10-S300G was examined with a cytosolic pH of 7.0, we wished to determine whether pH might also influence block by paxilline. We used a construct termed DN5 (also termed 1P3C in previous work; Xia et al., 2004) , in which the complete Slo1 cytosolic domain is replaced Red lines show a fit with K b = 6.3 ± 0.3 nM with z = 0 e. (E) Paxilline block on MC10-S300G G-V curves is similar at either pH 7.0 (black) or pH 8.5 (red). In both cases, 20 nM paxilline produces similar block. (F) Points plot the peak current during the application of 100 nM paxilline applied to outside-out patches expressing either Slo1 (black) or Slo1-G311S (red). Currents were activated by steps to +200 mV with 10 µM of pipette Ca 2+ with a holding potential of 0 mV. pletely blocked BK current (Fig. 9, A and B) , while having no effect on Slo1-G311S (Fig. 9, C and D) . The blocking effects of penitrem A (Fig. 9 , E-H) and verruculogen (Fig. 9, I -L) were also completely ablated by the G311S mutation. Thus, despite the differences in dimensions of each of these alkaloids, these blocking effects are all sensitive to the change in S6 produced by G311 mutation. 10 nM of either aflatrem, penitrem A, or verruculogen blocked BK channels more effectively than 10 nM paxilline. However, at 10 nM, the onset of block of each compound was similar, whereas washout times for aflatrem, penitrem A, and verruculogen were markedly slower than for paxilline.
D I S C U S S I O N
Based on a pronounced difference in paxilline sensitivity between Slo1 and Slo3, we have used a chimeric approach that defined the Slo1 S6 segment as the key element required for blockade by paxilline. Subsequent or 8.5 (Fig. 8 E) . Block by paxilline was indistinguishable in each case.
Finally, because paxilline is often applied extracellularly to multicellular preparations, we examined the ability of paxilline to block either Slo1 or Slo1-G311S when applied to outside-out patches (Fig. 8 F) . In this case, 100 nM paxilline completely blocked Slo1 current, although with a slower onset of block compared with application to inside-out patches. In contrast, 100 nM paxilline was without effect on Slo1-G311S, even after nearly 20 min of application. Thus, regardless of the side of paxilline application, it is sensitive to mutation of G311.
Mutation of G311 also abolishes the BK blocking action of other fungal alkaloids
We also examined whether the ability of three other fungal alkaloids, aflatrem, penitrem A, and verruculogen, to block BK channels (Knaus et al., 1994) was also sensitive to the G311S mutation. 10 nM aflatrem com- of paxilline action. Here, we discuss two issues: first, possible implications of the ability of the single glycine residue to influence paxilline block and, second, implications of these results concerning possible sites of paxilline action.
The critical role of G311
The chemical nature of glycine tends to preclude its involvement in any direct interactions with paxilline. A more likely explanation is that mutation of G311 alters the shape or flexibility of the Slo1 S6 in such a way that prevents paxilline from occupying a site that either directly or indirectly produces current block. Glycine is well-known to allow bending or confer flexibility in an otherwise -helical segment, and the BK channel is unusual in having a pair of sequential glycines at positions 310 and 311. This most certainly would allow for breaking of the hydrogen bonding that maintains an -helical structure. Interestingly, however, we found that the G310C and G310S mutations produce either small or no effect on paxilline block, indicating that the role of G311 is somehow unique in defining the S6 topology that is critical for paxilline block. A change in S6 topology with mutation of G311 might alter block either by producing a steric hindrance that prevents paxilline from reaching its blocking position, or by resulting in changes in distance between multiple paxilline interaction points. Recent work suggests that the BK channel central cavity may be unusual among voltage-dependent K + channels in having a much wider central cavity (Brelidze and Magleby, 2005) , and that this central cavity may be examination of residues not conserved between Slo1 and Slo3 revealed that mutation of a single glycine residue, G311, in Slo1 S6 completely abolishes paxilline block. Furthermore, replacement in Slo3 S6 of the homologous S300 with glycine at least partially restores paxilline block. In contrast, other S6 residues not conserved between Slo1 and Slo3 had small effects or no substantial effect on paxilline sensitivity. The ability of mutation of a single glycine residue to abolish paxilline sensitivity is quite remarkable, particularly because glycine is unlikely to participate directly in any binding interactions with paxilline. The effect of the G311 mutation seems to point to an important structural difference between the S6 topology in Slo1 and Slo3 that may underlie the differential paxilline sensitivity.
Estimates of paxilline block affinity for various constructs, grouped into order of affinity, are summarized in Table I . We note that Slo1 shares a similar apparent affinity to DN5, Slo1-M314L, and MC10-S300G. That the stronger block affinity for MC8 reflects a real difference is given independent support by the changes in paxilline block rates on MC8 relative to Slo1. Constructs MC6, MC18, MC28, and Slo1-G310C all exhibit somewhat similar paxilline block affinities. However, because these estimates overlap to some extent with estimates for paxilline block of Slo1 that we have observed in some sets of patches (see Materials and methods), their paxilline sensitivity cannot be considered conclusively different from Slo1. Our results do not provide a molecular explanation for the paxilline block mechanism and do not allow firm conclusions regarding the site site. Second, the S300G mutation in MC10 and MC13 did not have identical effects on restoring paxilline sensitivity, suggesting that pore loop differences between MC10 and MC13 alter the ability of paxilline to block. These results may relate to earlier studies in which paxilline block was observed to allosterically influence the binding of scorpion toxins to BK channels (Knaus et al., 1994) . Interestingly, different tremorogenic alkaloids were able to either up-or down-regulate CTX binding. Because the turret segment of the BK channel is intimately involved in iberiotoxin binding (Giangiacomo et al., 2008) , these earlier results are consistent with our data in supporting the idea that paxilline binding both influences the turret structure and, in turn, the turret structure influences paxilline block. Fig. 2 A highlights those residues in the extracellular part of the BK pore that are thought to influence iberiotoxin binding. The ability of an S6 mutation to influence paxilline block might be interpreted to suggest that paxilline binds within the central cavity or gains access to its blocking position by entry through the central cavity. Although the large size of paxilline (Fig. 2 A) would seem to argue against the idea that the lipophilic paxilline molecule is able to intercalate into a position between helices, this possibility cannot be totally excluded at present. G311 may be essential for exposing the pathway to reach the appropriate blocking position. In such a case, intercalation might be imagined to influence the pore helix, thereby modifying block by extracellular scorpion toxin. One aspect of paxilline block that does seem unusual in comparison to other standard cytosolic pore blockers is the slow onset and recovery from paxilline block. Block by simple occlusion within the central cavity is presumably mediated by direct exchange with the cytosolic aqueous milieu and, even for an uncharged blocking molecule, that block should occur in accordance with simple diffusion. Our comparison of the blocking kinetics of paxilline on Slo1 and MC8 indicates that, assuming a first-order blocking process, the paxilline block rate of Slo1 is 0.15 × 10 6 M 1 s
1
, whereas for MC8 we calculated a rate of 1.4 × 10 6 M 1 s
. This difference in paxilline block rates is unlikely to arise from differences in state occupancy at the holding potential because the V h for activation of conductance with 10 µM Ca 2+ is essentially identical for Slo1 and MC8. Although the rate of block of MC8 begins to approximate that seen for diffusionally controlled reactions for larger molecules, the rate of paxilline block for Slo1 seems slower than one would expect for a simple pore occupancy model. Furthermore, that this rate is altered by swapping the Slo1 turret segment with Slo3 turret sequence seems surprising, particularly because the underlying gating equilibria for Slo1 and MC8 are so similar. Although these considerations cannot be considered to rigorously exclude a simple central cavity occupancy basis for paxilline block, both the slow rate of accessed even when the channel is in closed conformations (Wilkens and Aldrich, 2006; Tang et al., 2009) . We imagine that the dimension of the central cavity, at least at some positions along the channel axis, may be related to the pair of sequential glycines found in BK channels.
It is also interesting that the glycine at position 311 in BK channels is shared with a large number of other voltage-gated K + channels, both eukaryotic and prokaryotic (Magidovich and Yifrach, 2004) . Based on the ability of mutations at this position to alter the closed-open gating equilibrium, this glycine has been termed a gating hinge (Yifrach and MacKinnon, 2002; Magidovich and Yifrach, 2004 ) that influences the energetics of conformational movements of S6 during the closed-to-open conformational change. Furthermore, it is at the level of the glycine hinge that the S6 helix in the structure of the open MthK channel exhibits a bend (Jiang et al., 2002a,b) . Interestingly, Slo3 is one of few K + channels that does not have a glycine at this precise position, although it does have a glycine at Slo3 position 299, in alignment with Slo1-G310. Although in some K + channels mutation of the hinge glycine results in loss of currents, in BK channels, the G310A and G311A mutations each result in an 60-mV positive shift in G-V curves at a given Ca 2+ , whereas the double mutation shifts gating 120 mV (Yifrach and MacKinnon, 2002) . Although these considerations do not impact directly on the interpretation of the effects of paxilline, they do suggest that G311 may play a role in conformational changes occurring in S6 during BK gating, perhaps contributing to some unique bend or twist in the BK S6 that distinguishes it from other K + channels. Given that the MC10-S300G and MC13-S300G constructs both exhibit at least some paxilline sensitivity, and assuming that glycine itself is not participating in paxilline binding, we draw two tentative conclusions regarding the ability of the G311/S300 position to influence paxilline block. First, we would suggest that the residues required for paxilline binding are generally shared or conserved between Slo1 and Slo3. Second, the absence of a glycine at the hinge position results in a structural change in S6 that either sterically prevents paxilline from reaching a position that stabilizes its binding or alters the geometric relationship of paxilline contact points, thereby preventing block.
Where is the paxilline blocking position?
Despite the importance of S6 and G311 in paxilline block, we observed that other factors also contribute to paxilline block. First, the presence of the Slo3 sequence in the first half of the pore loop in an otherwise Slo1 subunit influenced paxilline block rates (MC8). This suggests that structural differences or residue differences in the turret region of a BK channel somehow affect the ability of paxilline to reach and leave its binding
